The accumulation of particulate organic matter (POM) in recirculating aquaculture systems (RAS) has become an important issue with the intensification of finfish production. The objective of this study was to assess the foam fractionation efficiency of a vacuum airlift in different conditions (POM concentrations, airflow rates, bubble sizes, water renewal rates and feed addition). In sea water, the vacuum airlift allowed removing 20% of the initial POM concentration per hour (foam fractionation efficiency), corresponding to a 20.7-fold concentration factor between the tank and the foam. In rearing conditions, efficiency increased with decreasing water renewal rate or increasing POM concentration. An increase in airflow rate from 10 to 80 L min −1 in the vacuum airlift significantly decreased foam fractionation efficiency when feed was added to the water. The impact of feeding was only observed with high airflow rates where bubble coalescence occurred. Calculated POM production by fish ranged between 15.9 and 23.5 g h −1 and was equivalent to estimations based on feed conversion ratio (FCR). This indicated that all the POM produced was extracted by the vacuum airlift.
Introduction
The presence and accumulation of particulate matter (faeces, uneaten feed, parasites, and bacterial flocs) in recirculating aquaculture system (RAS) can decrease water quality, which may increase the stress of reared organisms (Timmons, 1994; Cripps and Bergheim, 2000; Rubio et al., 2002; Sharrer et al., 2005) . Although there is little information available on safe level of particulate matter concentration, studies have already shown that above a concentration of 80 mg L −1 , salmonid growth is significantly slowed down in RAS (Piper et al., 1982; Laird and Needham, 1988) . As this safe concentration level clearly depends on each fish species, the main concern associated with particulate matter accumulation is the increase in the biological oxygen demand and the development of heterotrophic bacteria (Timmons and Ebeling, 2010) . It is therefore necessary to remove these particles and control the quality of water.
Several types of particle separators, or clarifiers, are commercially available for integration into intensive aquaculture treatment system. Solids separation technology can be divided into mechanical and gravitational methods, but their efficiency is affected by particle size. Average particle size depends on fish species and size, on the type of feed used and on the hydraulic regime in the rearing tank, but usually ranges between 3 and 300 m. However, most particles are smaller than 30 m (Cripps and Bergheim, 2000) . The most popular method for mechanical particle separation involves the use of screens and rotating microscreens. Some problems encountered with this method include the difficulty to remove particles smaller than 50 m and poor flow capacities due to the small pore sizes which means that most of the fine solids remain even after passing through biological filters (Timmons, 1994; Summerfelt, 2006) . Drum filters with 60 m screens allow around 50% of total particles to be eliminated with the other 50% usually being trapped in the biofilter (Cripps and Bergheim, 2000) . The presence of particles reduces filter permeability and increases the growth of heterotrophic bacteria which oxidate organic matter. The consequences of this are (1) more frequent back-wash, (2) competition between autotrophic and heterotrophic bacteria for specific area and nutriments and (3) additional oxygenation (Blancheton, 2000; Blancheton et al., 2009) . Use of drum filters with reduced porosity would entail higher energy costs, which is not viable for aquaculture applications. Sand filters are frequently used but they generate high head losses and require frequent maintenance (Summerfelt, 2006) . Gravity sedimentation is also used as it is simple and highly energy-efficient (Rawat et al., 2011) , however the process only works for largesized and high density particles (Amaro et al., 2011; Chen et al., 2011) . Sedimentation rates for particle sizes between 10 and 50 m are slow and average settling velocity is below 1 m h −1 (Brambilla et al., 2008) . Therefore, Particulate Organic Matter (POM) is generally first extracted by sedimentation of the larger particles (faeces and uneaten feed >100 m) and then by mechanical filtration of the smaller particles (30-100 m). Protein skimmers using foam fractionation can be used in addition to mechanical filtration to extract smaller particles and to relieve the mechanical filter in terms of efficiency and energy (Rubio et al., 2002; Sharrer et al., 2005; Summerfelt, 2006) .
Foam fractionation is a water treatment technology that can be easily added to water reuse systems to directly remove dissolved and fine suspended solids. The process of foam fractionation, also known as flotation, protein skimming, or air stripping, has been widely described by Timmons (1994) , Summerfelt (1999) and Brambilla et al. (2008) . It consists of injecting fine air bubbles into wastewater. Micron-sized air bubbles may attach to the surface of surface-active particles and carry them to the free surface, forming a concentrated layer of foam that is then removed from the wastewater for separation. Skimmers are usually preferred as they are cost-effective and easy to use (Timmons et al., 1995; Blancheton et al., 2007; Suzuki et al., 2008; Brambilla et al., 2008; Roque d'orbcastel et al., 2009; Park et al., 2011) . In rearing farms, foam fractionation allows the extraction of fine particles smaller than 30 m (Timmons, 1994; Chen et al., 1994) . MuniainMujikaa et al. (2002) and Suantika et al. (2001 Suantika et al. ( , 2003 have shown that in rearing farms, only skimmers give rise to high quality water. The ability of skimmers to extract microparticles is also interesting in terms of biosecurity as they may be used to extract bacteria and viruses (Timmons, 1994; Suantika et al., 2001; Suzuki et al., 2008; Brambilla et al., 2008; Park et al., 2011) . Other organisms such as toxic microalgae or parasites can also be extracted as they possess surface-active substances on their cell walls, which induces the formation of foam that may be collected (French et al., 2000; Teixeira and Rosa, 2006; Suzuki et al., 2008; Teixeira et al., 2010; Park et al., 2011) .
Clarification of water by foam fractionation allows the reduction of UV irradiation for disinfection (Suzuki et al., 2008) . Furthermore, injected micron-sized air bubbles also contribute to increasing aeration and CO 2 stripping (Barrut et al., 2012) .
However, flotation is dependent on bubble diameter, concentration of the solids, air-to-water ratio, surface chemistry of the solids, and the surfactant concentration in the water (Summerfelt, 1999) . Timmons et al. (1995) , Brambilla et al. (2008) and Park et al. (2011) have shown that skimming efficiency is reduced with the addition of feed to rearing water. This is due to the lipid content of feed, which reduces the formation of foam. To limit this phenomenon, surface-active agents may be used to increase the formation of foam (Keyes and Stover, 1992; Timmons et al., 1995; Brambilla et al., 2008) , but this is not recommended for the food industry. Skimmers are more often used in shellfish aquaculture where the presence of proteins and polysaccharides in the rearing water is high, allowing better foam fractionation (Muniain-Mujikaa et al., 2002) . Soluble proteins induce the formation of foam because proteins migrate towards the water surface and concentrate while reducing surface tension. The more soluble a protein, the more foam is formed (Frénot and Vierling, 2002) . It is also assumed that surface-active substances such as polysaccharides and proteins not only generate foam on the water surface, but also change the interface of solids from hydrophilic to hydrophobic, which facilitates their concentration in the foam (Suzuki et al., 2008) .
The interest of vacuum flotation has been widely described in chemical engineering for solid-liquid separation, but there is no information concerning particulate removal in rearing water with the addition of vacuum on foam fractionation. The aim of this study was to evaluate the foam fractionation efficiency of a vacuum airlift for the removal of particulate matter from water and to study the effects of feed addition and water renewal on this efficiency.
Materials and methods

Experimental set-up
The experimental set-up is described in Fig. 1 . It comprised a 1000 L tank (1) open to the air and connected to a vacuum airlift provided by COLDEP ® (2), composed of two concentric vertical transparent 6 m-long PVC pipes. The outer diameter (OD) of the internal pipe was 160 mm. The diameter of the external pipe was 315 mm (OD) along the first metre and 250 mm (OD) after the first metre and up to the top (Fig. 1) . The top of the vacuum airlift was hermetically closed and connected to a vacuum pump (3) (BUSCH-Mink MM.1100.BV) with a maximal airflow of 60 m 3 h −1 . The vacuum created by the pump causes the water to rise in the internal pipe. A pressure gauge (4) ranging from −1 bar to 1 bar, connected to the frequency converter of the pump's electric motor, was used to control the pressure level and regulate water height in the vacuum airlift. At the top of the vacuum airlift, the water surface level was maintained over the internal tube ( Fig. 1) to limit head losses when water flow passed from the internal to the external tube. The foam produced by air bubbling concentrates the particulate matter of the water. It was collected by overflowing from the external tube at the top of the vacuum airlift. The foam removal was enhanced by the addition of vacuum and then separated and stored in a 100 L tank (6) fitted with a valve at the bottom for sampling. The water in the downcomer tube flowed back to the pumping tank.
Air was injected close to the bottom of the inner tube using an electric compressor (5) (BECKER DT4.40K), which delivers a maximum of 40 m 3 h −1 at a pressure of 1 bar. Two types of injectors were used: a ceramic diffuser working at a pressure of 0.5 bar which creates fine bubbles (1 mm) and a ceramic diffuser working at a pressure of 1 bar which creates microbubbles (<1 mm). Injected air pressure was controlled by a pressure gauge and airflow was measured using a rotameter (Key Instrument MR 3000 Series Flowmeter ±5 L min −1 ).
Experiment with addition of feed to sea water
The separation and concentration capacities of the vacuum airlift were tested with the addition of feed consisting of fish pellets with a diameter of 2 mm (LE GOUESSANT -OMBRINE GROWER EXT-coul 2, 47% protein and 13% lipids). A 400 g portion of feed was added to sea water (35‰) and mixed using a submersible propeller pump for 24 h until the pellets were in suspension and nothing was settled in the tank. The vacuum airlift was started and the experiment lasted for 4 h. Samples were collected at the beginning and end of the experiment, both from the circulating suspension and from the concentrate water (resulting from foam fractionation at the top of the column).
Method to evaluate foam fractionation efficiency in rearing conditions
To study the modification of foam fractionation efficiency in fish rearing conditions, the vacuum airlift was connected to a 15 m 3 rearing tank operated with an hourly seawater renewal rate of 100%. The vacuum airlift and all the devices used for analysis were the same to those described previously (Sections 2.1 and 2.2). The livestock consisted of 200 kg of red drums (Sciaenops ocellata) with an average weight of 15 g. The feed used was identical to that described previously (Section 2.2). It was distributed automatically during 4 h with a daily feeding rate of 1% of total biomass. Samples were collected in the tank and at the outlet of the skimmer of the vacuum airlift before and 4 h after the feeding period. The effect of the variation of the tank water renewal on foam fractionation efficiency was evaluated at 3 different rates: 100%, 50% or 10%.
Methods to measure the concentration in POM
To evaluate the concentration of the suspended solids, all samples were subjected to filtration using filters of 1.2 m porosity (nylon Ø 47 mm, WHATMAN ® ), weighed using a precision weighing balance (PRECISA 410AM-FR with an accuracy of 10 −5 g L −1 ) and then rinsed with distilled water according to AFNOR T90-105 (2005) standards. The filters were put in a weighed aluminium cup and placed in a drying chamber for 24 h at 70 • C. The cup was then weighed again to quantify the dry weight (DW) of POM. The concentration factor (CF) was calculated by dividing the average POM concentration in the foam (C foam ) in g DW L −1 by the average POM concentration in the tank (C tank ) in g DW L −1 :
For the experiment involving feed addition to sea water, the total POM dry weight in the tank or in the extracted foam was calculated using the following equation:
with Q equal to the total POM dry weight in the tank (g DW) at the beginning (Q i ) or at the end of the experiment (Q f ) or in the foam (Q foam ), C equal to the concentration of POM in the tank (g DW L −1 ) at the beginning (C i ) or at the end of the experiment (C f ) or in the foam (C foam ) and V equal to the volume of the tank (L) at the beginning (V i ) or at the end of the experiment (V f ) or of the foam (V foam ) with V f = V i − V foam . Foam fractionation efficiency was calculated by dividing the total POM dry weight of the foam by the POM dry weight in the water before beginning the experiment as follows:
Methods to assess POM production by fish
POM production by fish in the rearing tank was estimated with two different methods. The first method required the mass balance shown in Eq. (4) using the results of POM concentration measurements in the foam and in the rearing tank:
with P POM equal to POM production by fish in g h −1 , C out equal to the POM concentration in the tank in g m −3 , C in equal to the POM concentration in the makeup water, considered as insignificant, Q out = Q in , i.e. the water renewal rate of the rearing tank in m 3 h −1 , C foam equal to the POM concentration in the foam in g m −3 and Q foam equal to the foam extraction flow in m 3 h −1 . The second method was based on the feed conversion ratio (FCR) values, i.e. the quantity of food necessary to produce 1 kg of fish using Eq. (5) given by Fauré (1983) :
with Q feed equal to the hourly amount of feed given, namely 84 g h −1 .
Results and discussion
Foam fractionation efficiency on fragmented fish feed
After 4 h, POM concentration decreased by a factor of 4.2 in the tank and increased by a factor of 20.7 in the foam, for an extracted volume of 160 L, corresponding to a foam fractionation efficiency of 80% i.e. 20% per hour (Table 1) .
Conversely to what is usually described in research literature (Timmons et al., 1995; Park et al., 2011) , the addition of fish feed to water did not alter foam formation or decrease foam fractionation efficiency of the vacuum airlift. 
Table 1
Foam fractionation efficiency (average ± SD, n = 3) and concentration factor (average ± SD, n = 3) of fragmented fish pellets achieved by the vacuum airlift after 4 h with a microbubbling airflow rate of 10 L min −1 and an extracted foam volume of 160 L. 
Foam fractionation efficiency in rearing conditions
The amount of POM in the rearing water, principally made up of faeces produced by fish, increased by 2-to 3-fold after feeding (Figs. 2 and 3 ). An airflow rate of 80 L min −1 with both microbubble and fine bubble air injection, led to significant reduction in foam fractionation efficiency of the vacuum airlift after feeding with no significant differences being observed between the POM concentration in the tank and the POM concentration in the foam (Fig. 2) . However, when the airflow rate was reduced to 10 L min −1 , foam fractionation efficiency was not affected by the addition of feed to water since the POM concentration in the foam remained 4-fold more concentrated than in the tank. The POM concentration in the foam decreased from 33.3 mg L −1 to 12.8 mg L −1 when the airflow rate was increased from 10 to 80 L min −1 .
In rearing conditions, with higher airflow rates and fine bubble air diffusion, bubbles rapidly coalesce when feed is added to the water, which leads to an increase in bubble size and a reduction in gas holdup (Barrut et al., 2012) . These modifications in the functioning of vacuum airlifts lead to increased turbulence and limitation of foam formation, which reduces foam fractionation efficiency as described in the literature (Timmons et al., 1995; Park et al., 2011) . In reducing the airflow rate and average bubble size through microbubbling, bubble coalescence was limited and foam fractionation efficiency was thus not affected by the addition of feed into the tank. These results have been obtained in sea water, in fresh water the efficiency would have probably been reduced as the average bubble size is larger than in sea water and foam formation reduced (Barrut et al., 2012) . The decrease of the water renewal rate in the rearing tank to 50% or to 10% induced, in both cases, a doubling of POM concentration in the rearing tank, before or after the addition of feed (Fig. 3) . The reduction of the water renewal rate from 50% to 10% should have led to a 4-fold increase of POM concentration in the tank. However, the POM concentration at the water renewal rate of 10%, increased continuously and the steady state was not achieved (Fig. 4) . In the foam, POM concentration increased by 2-and 6-fold when water renewal rates decreased from 100% to 50% and from 50% to 10%, respectively, independently of feeding activity (Fig. 3) .
The concentration factor was around 4 for water renewal rates of 100% and 50%, before or after feeding, and over 10 for a water renewal rate of 10% (Fig. 5) . In rearing sea water, the presence of surface-active substances such as proteins from fish mucus probably results in the interface of the particles changing from hydrophilic to hydrophobic (Suzuki et al., 2008) . The particles are . POM concentration (average ± SD, n = 3) in the rearing tank water before feeding, for 3 consecutive days (D1, D2 and D3) and at different hourly water renewal rates (100%, 50% and 10%). Table 2 POM production (average ± SD, n = 3) calculated using mass balance equation (Eq. (4)) at different water renewal rates.
Water renewal rate (%) more easily trapped in the foam when the water renewal rate is reduced. Under these experimental conditions (low airflow rate and microbubbling), foam fractionation efficiency was not reduced by feeding. This result differs from some recently published studies using regular foam fractionators (Brambilla et al., 2008; Park et al., 2011) . It could also be explained by the addition of vacuum which may have (1) modified the particulate surface, increasing solid-bubble interaction and facilitating particles removal and/or (2) increased the range of bubble sizes, enabling the removal of both particles and surface-active molecules, known to limit foam fractionation efficiency of regular foam fractionators. In rearing conditions, calculated POM production rates using Eq. (4) are comprised between 15.9 and 26.6 g h −1 , irrespective of the water renewal rate (Table 2) . For red drum (Sciaenops ocellatus), the FCR ranged from 1.2 to 1.6 (Lacroix and Fuchs, 1998) . POM production rates estimated using Eq. (5) with FCRs of 1.2 and 1.6 are 16.3 and 27.3 g h −1 , respectively. These estimated values are consistent with the values calculated and presented in Table 2 . Results indicate that the skimmer of the vacuum airlift was able to extract almost all the POM produced by the fish in the rearing tank.
Conclusion
In sea water, the vacuum airlift provided a foam fractionation efficiency of 20% per hour and a concentration factor of 20.7 which were not altered by the addition of feed to water. In rearing conditions, efficiency increased with reduced water renewal rates, i.e. with increased POM concentrations. However, an increase in airflow rate from 10 to 80 L min −1 led to an important reduction in foam fractionation efficiency after feeding due to massive bubble coalescence. POM production by fish was calculated and was equivalent to the estimation based on FCR, which means that the entire POM production was extracted by the vacuum airlift. The system can thus be considered as a promising tool for foam fractionation in RAS. However, additional work is required to accurately describe the types of POM removed from the water and to adapt the geometry of vacuum airlifts to various RAS designs. Alain Grasmick is professor in chemical engineering in "Polytech' Montpellier", the Engineering School of Montpellier University. He has studied intensive processes applied to water and wastewater treatment for more than 35 years.
